A low-carbon TRIP seamless steel tube, which is expected to be used in the hydroforming process, was successfully fabricated using piercing, cold-drawing and two-stage heat treatment process. In this study, to maximize the volume fraction and stability of retained austenite as well as to obtain a TRIP seamless steel tube with good combination of strength and ductility, the optimal heat treatment conditions (intercritical annealing "IA" and isothermal bainite treatment "IBT") were investigated. The influence of heat treatment on the microstructure of the TRIP seamless steel tube was studied via optical microscopy, TEM and XRD. The mechanical properties in axial and circumferential directions of TRIP seamless steel tube were also evaluated by conventional tensile test and the ring tensile test developed by the author, respectively. The results show that for a particular set of IA and IBT temperature, the volume fraction of retained austenite increased with increasing IA holding time but decreased with the increase of IBT holding time in the set of time range in this study. As a result, the high retained austenite volume fraction of 10.26% was obtained with IA holding time of 5 min at IA temperature of 810°C, IBT holding time of 6 min at temperature of 410°C. And this sample possessed a UTS of 542 MPa, YS of 355 MPa and EL of 35% in the circumferential direction obtained by the ring tensile test.
Introduction
The lightweight technology in automotive industry has been receiving an increasing attention in recent years with the coming of low-carbon age. 14) Using the hollow structures and parts produced by hydroforming process substitute the solid ones is one effective way to reduce the automobile weight. To meet the both requirements for lightweight and safe of automobile, the automobile parts should have a good combination of strength and ductility to reduce the material dosage, and keep a regular shape as well as absorb the energy when a car crash happens. On the other hand, in the material research field, the transformation induced plasticity (TRIP) steels developed in the recent years show a good combination of strength and toughness as well as good formability which has been reported by several researchers. 5, 6) Considering the characteristics of the TRIP steels, the TRIP steel production technology was introduced to the tube manufacture field and the TRIP seamless steel tube has been successfully produced using piercing, cold-drawing and two-stage heat treatment process by the authors. 7) It is known that for the tube hydroforming process the mechanical properties in the circumferential direction of the tube blank are more important than those in axial direction because the deformation mainly takes place along the circumferential direction of tube. 8) Before the tube blank is used in hydroforming process, its deformation behavior in the circumferential direction should be clarified. The ring tensile test developed by the authors is one effective method to study the mechanical properties and deformation behavior in the circumferential direction of tubular material. 9) In the current work, the optimal heat treatment conditions (intercritical annealing "IA" and isothermal bainite treatment "IBT") were investigated to maximize the volume fraction and stability of retained austenite as well as to obtain a TRIP seamless steel tube with a good combination of strength and ductility in the circumferential direction. The influence of IA and IBT holding time on the microstructure of the TRIP seamless steel tube were studied via optical microscopy, TEM and XRD. The effect of the retained austenite volume fraction on the mechanical properties of TRIP seamless steel tube was also discussed.
Experimental Procedure
The chemical composition as well as Ac 1 , Ac 3 and Ms temperature of the steel tube is given in Table 1 . A 150 kg ingot was prepared by vacuum melting followed by hot forging to produce a bar with a dimension of º65 © 1000 mm. After turning, the bar was pierced at 1200°C. A pierced billet with an outside diameter of 160 mm and thickness of about 4 mm was obtained. Three passes cold drawing process with thickness reduction rate of 25, 25.0, 33.3 and 25% was conducted to produce a tube with an outside diameter of 43 mm and a thickness of 1.5 mm. The size of the samples which were cut from the cold-drawn tube used in the heat treatment process is º43 (external diameter) © 1.5 (thickness) © 200 (length) mm. The twostage heat treatment was carried out with an electrical resistance furnace and a salt bath furnace (KNO 3 , 50% and NaNO 3 , 50%) to produce a TRIP microstructure. The heat treatment technology is shown in Fig. 1 . The heat treatment system is given in Table 2 .
The tensile properties of the samples in the axial direction (Axi. D.) were evaluated with a standard specimen (GB/T Figure 2 shows the dimension of specimen for conventional tensile test in the axial direction. The mechanical properties in the circumferential direction (Cir. D.) were studied by ring tensile test with a constant crosshead speed of 2.5 mm/min at room temperature. 9) The ring tensile test specimens were fabricated according to the dimension of the proportional test standard sample (GB/T 228-2002). Figure 3 presents the schematic diagram of the ring tensile test devices and the ring specimen used in this study. The specification parameters of specimen and devices are list in Table 3 . Figure 4 shows the apparatus of ring tensile test used in this study. The test specimens in ring tensile test were approximately assumed as similar to the ones in conventional tensile test to compare the mechanical properties in the axial and circumferential directions. The Oliver formula was used to deal with the difference of tensile test results caused by different specimen dimensions. 10) A spray-type lubricant composed of PTFE and organic molybdenum was used in the ring tensile test to decrease the friction coefficient and reduce the effect of friction on the tensile results as much as possible. The circumferential mechanical properties, such as ultimate tensile strength (UTS), yield strength (YS) and total elongation (EL), are determined by a calculation method with ring tensile test results proposed by the author.
9)
The metallographic samples cut from the heat-treated tubes were etched with 4% nital after mechanical polishing to reveal the microstructure. The metallographs were obtained using a Leica DM2500M optical microscope. The thin foils for TEM study which were cut parallel to the axial direction of the tube and prepared by twin-jet electropolishing using a solution of 5% perchloric acid in methanol at ¹20°C with an operating voltage of 30 V. The selected area electron diffraction patterns were obtained using a Techai G220 microscope operated at 200 kV. An X-ray diffraction (XRD) analysis was carried out using a Panalytical PM3040/60 (30 kV, 60 mA) diffractometer equipped with a Co K ¡ radiation to estimate the amount of retained austenite formed in the microstructure. Spectra were taken in the range of 2ª from 55 to 115°, with a 0. 
where I ¡ and I £ are the integrated intensities of the (200) ¡ and (211) ¡ peaks and (200) £ , (220) £ and (311) £ peaks, respectively.
Results and Discussions

Microstructure
Polygonal ferrite, bainite and retained austenite can be found in the microstructure of all the heat-treated seamless steel tubes, as shown in Fig. 5. 12) Retained austenite along with a little martensite is homogeneously distributed throughout the microstructure and connected with adjacent ferrite and bainite. the TRIP seamless steel tube. The ferrite contents of sample A and C are about 85% and 70%, which are higher than those in sample B and D, about 55% and 60%, respectively. The ferrite volume fraction of TRIP seamless steel tube decreased with IA holding time increasing. The possible reasons can be explained as follows. The IA temperature of steel tube falls between the Ac l and Ac 3 . In this temperature region, the recrystallization, cementite decomposition and austenite formation will occur. 13) When the steel tube is heated up to a certain temperature over Ac 1 , the pearlite is in an unstable state. The austenite nucleation will easily take place in the phase interface of ferrite and cementite, because in this temperature region the non-uniform distribution carbon atom concentration and atom irregular arrangement lead to the concentration and structure fluctuations which are favorable to austenite nucleation. Appropriate IA holding time can supply sufficient time for austenite nucleation and growth. This means that the volume fraction of ferrite will decrease with IA holing time increasing.
It is well known that the heat-treatment conditions of IBT process are vital for the retained austenite forming and also affect its stability in TRIP steel sheet or plate. They are also important for the TRIP seamless steel tubes. During IBT process, the laths of bainitic ferrite grow diffusionlessly. In this diffusionless growth process, the excess carbon in supersaturated ferrite is rapidly released to the surrounding austenite leading to carbon enrichment of austenite. A shorter IBT holding time will result in the low carbon concentration of retained austenite for the bainite transformation was not sufficient. As the carbon content in retained austenite is rather low, the Ms temperature of the under-cooled austenite is above room temperature. When the heat-treated steel tubes were cooled to the room temperature, a considerable amount of meta-stable retained austenite prematurely transformed to martensite because of its low carbon content. This transformation reduced the amount of retained austenite as well as degraded the stability of the retained austenite. However, an overlong IBT holding time caused too much austenite transforming into bainite and lead to a low content of retained austenite in the final microstructure of the TRIP seamless steel tube. In addition, much longer IBT holding time may ultimately lead to so much supersaturation of the austenite phase with carbon that the carbides formed, which also resulted in a reduction in the volume faction of retained austenite. 14) Therefore, an appropriate IBT holding time is desired in the two-stage heat treatment to obtain a high retained austenite volume fraction. In the current work, a high austenite volume fraction was obtained with an IBT holding time of 6 min.
Mechanical properties
The tensile properties of heat-treated seamless steel tube in both of axial and circumferential directions obtained with conventional tensile test and the ring tensile test are summarized in Table 4 . Figure 8 presents the comparisons of mechanical properties in axial and circumferential direction. It can be seen that UTS and YS in both directions decreased with IBT holding time increased from 4 to 6 min. UTS in both directions increased with IA holing time increased from 5 to 10 min. It also can be found that UTS, EL and UTS © EL in the axial direction are higher than those in the circumferential direction.
It is known that during plastic deforming process, the strain induced retained austenite relaxes the stress concentration, thereby, delaying the necking and increasing the uniform elongation. Therefore, the volume fraction and stability of retained austenite is crucial to the mechanical properties of the TRIP seamless steel tube. The high volume fraction and good stability of retained austenite allows the steady strain induced transformation of austenite without abrupt drop in strain hardenability leading to the plasticity enhancement of TRIP steel. 15) Sample B and D with a higher retained austenite volume fraction shown a higher EL. But UTS © EL of sample B was low for its rather low UTS. This means that the high austenite volume fraction is not the only Fig. 8 Mechanical properties of TRIP seamless steel tube in both directions. 12) factor which affects the comprehensive mechanical properties of TRIP seamless steel tube. The other factors, such as ferrite content, its grain size and retained austenite morphology should be considered to get better comprehensive mechanical properties. 16) From the investigation about the effect of n-value on tube hydroformability, it was found that the high n-values resulted in a more material inflow and a more homogenous thickness distribution during the bulging test. 17) In the current study, the n-values in the circumferential and axial direction of heattreated steel tubes were close to or above 0.30, as shown in Table 4 . It may say that the TRIP seamless steel tubes produced in this work show a good hydroformability in both circumferential and axial directions. However, in this study, the samples which possessed higher n-values did not show higher total elongations. This presented a different direction from the general concept. The possible reason is the influence of friction between the specimen and tool in the ring tensile test on the ring tensile test results. The exact reasons should be investigated in the future work. The anisotropy caused by cold drawing process lead to the different mechanical properties in the axial and circumferential directions. It was verified by the r-values in both directions, as shown in Table 4 . However, the heat treatment condition did not show strong influence on r-values in both directions of TRIP seamless steel tube.
Conclusions
In the present work, the mechanical properties in the axial and circumferential directions and microstructure of TRIP seamless steel tube produced with different heat treatment processes were studied. The main findings were summarized as follows.
( 
